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ABSTRACT
Transmission spectroscopy provides a powerful probe of the atmospheric properties of
transiting exoplanets. To date, studies of exoplanets in transit have focused on infer-
ring their atmospheric properties such as chemical compositions, cloud/haze proper-
ties, and temperature structures. However, surface inhomogeneities in the host stars
of exoplanets in the form of cool spots and hot faculae can in principle imprint sig-
natures on the observed planetary transit spectrum. Here we present Aura, a new
retrieval paradigm for inferring both planetary and stellar properties from a transmis-
sion spectrum. We apply our retrieval framework to a sample of hot giant exoplanets
to determine the significance of stellar heterogeneity and clouds/hazes in their spectra.
The retrieval analyses distinguish four groups of planets. First, the spectra of WASP-6b
and WASP-39b are best characterised by imprints of stellar heterogeneity and hazes
and/or clouds. HD 209458b and HAT-P-12b comprise the second group for which
there is weak evidence for stellar heterogeneity and a high significance of hazes and/or
clouds. The third group constitutes HAT-P-1b and WASP-31b and shows weak evi-
dence against stellar heterogeneity but weak to substantial indications of clouds/hazes.
The fourth group – WASP-19b, WASP-17b, and WASP-12b – is fit best by molecular
and alkali absorbers with H2 scattering without evidence for stellar heterogeneity and
weak to no evidence for clouds/hazes. Our retrieval methodology paves the way to
simultaneous information on the star and planet from higher resolution spectra us-
ing future facilities such as the James Webb Space Telescope and large ground-based
facilities.
Key words: stars: activity – stars:starspots – scattering – planets and satellites:
atmospheres – planets and satellites: composition – planetary systems.
1 INTRODUCTION
Transmission spectroscopy has been one of the most success-
ful ways towards characterising exoplanetary atmospheres
(Burrows 2014; Madhusudhan et al. 2016). Studies of ex-
oplanets in transit have been used to infer a wide variety
of atmospheric properties including chemical compositions
and abundances, clouds and hazes, and temperature profiles
(e.g. Sing et al. 2016; Kreidberg et al. 2014a,b; Knutson et al.
2014a,b; Madhusudhan et al. 2014; Pont et al. 2013; Chen
et al. 2018; Demory et al. 2013; MacDonald & Madhusud-
han 2017; Sedaghati et al. 2017). An essential assumption
? E-mail: ap817@ast.cam.ac.uk
† Earths in Other Solar Systems Team, NASA Nexus for Exo-
planet System Science.
of most such studies is a homogeneous stellar photosphere
characterized by one disk-integrated spectrum, and hence
one stellar temperature and radius. However, stellar photo-
spheres are not perfectly homogeneous. The stellar disk is
generally comprised of differential areas each with a unique
spectrum that can differ substantially from one representa-
tive average spectrum (Chapman 1987; Shapiro et al. 2014).
Active regions of the stellar surface, in the form of cool
spots or hot faculae, are among the primary features of stars
responsible for heterogeneity of the photosphere and vari-
ability of the stellar brightness in time. Such features on
active stars may factor significantly and can induce modifi-
cations to an otherwise pristine planetary transmission spec-
trum and hence retrieved atmospheric properties (Rackham
et al. 2017; Oshagh et al. 2014; McCullough et al. 2014;
Pont et al. 2013; Barstow et al. 2015). The slope of a trans-
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mission spectrum in the visible wavelength region is usually
interpreted as hazes and/or clouds composed of small parti-
cles, and yet can also be caused by cool star spots which are
unocculted by the transiting planet. For example, the steep
optical slope of HD 189733b’s transmission spectrum has
been interpreted as opacity from haze particles in the plane-
tary atmosphere (Pont et al. 2013) as well as a possible sig-
nature of activity features in the photosphere of its variable
host star, either unocculted star spots (McCullough et al.
2014) or occulted stellar plages (i.e. bright chromospheric
regions, Oshagh et al. 2014). On the other hand, hot facu-
lae or plages, when not occulted by the transiting planet,
decrease the observed optical transit spectrum due to an in-
creasing stellar radius at shorter wavelengths. The optical
transmission spectrum of GJ 1214b, which displays a sig-
nificant decline towards shorter wavelengths and shallower
transit depths than observed in the near-infrared (Kreidberg
et al. 2014a), has recently suggested a heterogeneous stel-
lar photosphere dominated by hot faculae (Rackham et al.
2017). Unocculted faculae have also been suggested to affect
the transmission spectrum of GJ 1132b, which displays a
significant decrease in transit depth at optical wavelengths
(Dittmann et al. 2017) and, like GJ 1214b, orbits a mid-M
dwarf star (Berta-Thompson et al. 2015). The suite of effects
issued by active stars relates the importance for a framework
capable of simultaneously dissecting properties of the plane-
tary atmosphere and heterogeneous stellar photosphere from
an observed spectrum.
Here we present Aura, a new retrieval framework that
enables conjoint inference of exoplanetary and stellar prop-
erties. In addition to the usual properties explored for ex-
oplanetary atmospheres (chemical abundances, clouds and
hazes, and temperature structures), we incorporate a model
that generally accounts for activity properties of the stel-
lar photosphere (Rackham et al. 2017). The latter enables
inferences on the fractional disk coverage of unocculted het-
erogeneity features, the average temperature thereof, and
the temperature of the stellar photosphere. Our retrieval
methodology ushers in the first instance of simultaneous re-
trieval of stellar and planetary properties constrained with
present spectra, a consideration that will be integral to in-
terpretations of future high fidelity observations from the
James Webb Space Telescope (JWST) and large ground-
based facilities.
Our work is presented as follows. We detail the compo-
nents of our retrieval framework in Section 2 and demon-
strate the self-consistency of the retrieval methodology in
Section 3. We apply the new methodology to a sample of hot
giant exoplanets in Section 4 to determine the significance
of stellar heterogeneity and clouds/hazes in their observed
transmission spectra. Limitations of our approach and nec-
essary future considerations are presented in Section 5. We
discuss future observing prospects and summarise in Section
6.
2 RETRIEVAL METHODOLOGY
We present a new Bayesian retrieval method, Aura, to si-
multaneously infer properties of the planetary atmosphere
and stellar photosphere from observed transmission spec-
tra. Retrieving model parameters for the star and planet
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Figure 1. Illustrated retrieval methodology. Model parameters
are drawn using the MultiNest sampling algorithm and used to
generate the temperature profile throughout the atmosphere. The
temperature profile informs the relevant opacities which are used
to evaluate the transfer of stellar radiation through the plane-
tary atmosphere, producing a transmission spectrum that incor-
porates contamination from the heterogeneous stellar surface. The
model transmission spectrum is convolved and binned, degrad-
ing the model spectrum to the quality of the observed spectrum.
The relevance of the degraded model is then straightforwardly
compared with the observed spectrum via the likelihood. The
likelihoods are ascertained with the MultiNest nested sampling
algorithm which maneuvers through the space of model param-
eters and finds those with highest likelihoods. Once convergence
is achieved on the ‘evidence’ statistic (Z), MultiNest stops its
iterative search and returns the final evidence and parameter es-
timates.
from transmission observations requires three basic compo-
nents: a combined forward model of the planetary atmo-
sphere and heterogeneous stellar photosphere, a statistical
sampling method, and spectra which are uncorrected for
stellar activity effects. We here outline the first two compo-
nents in turn and describe the uncorrected data in Section
4.1. A condensed representation of the retrieval methodology
is shown in Figure 1.
2.1 Forward Model
2.1.1 Pressure-Temperature Profile
The temperature as a function of height or pressure in the
planetary atmosphere is calculated through the parametric
relations in Madhusudhan & Seager (2009). The parametric
pressure-temperature (p–T) profile is motivated by physical
principles and is able to fit diverse planetary atmosphere
structures, mimicking atmospheric conditions of solar sys-
MNRAS 000, 1–22 (2018)
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tem planets as well as exoplanetary atmosphere models in
the literature. The atmosphere is layered into three compo-
nents with the following equations for the temperature,
T = T0 +
(
ln(P/P0)
α1
)2
P0 < P < P1 (1)
T = T2 +
(
ln(P/P2)
α2
)2
P1 < P < P3 (2)
T = T2 +
(
ln(P3/P2)
α2
)2
P > P3 (3)
A schematic of the parameterised profile is illustrated in
Figure 1 of Madhusudhan & Seager (2009). The free param-
eters of the temperature profile are T0, the temperature at
the top of the atmosphere; α1 and α2, values responsible for
the gradient of the profile; and P1, P2, and P3 which define
the distinct atmosphere layers and generally determine the
presence of a thermal inversion. The pressure at the top of
the atmosphere is P0. In the primary transit case the plan-
etary source function is negligible; hence, there is no poten-
tial thermal inversion and the pressure parameters satisfy
P2 ≤ P1 < P3. We partition our model atmosphere into 100
layers spaced equally in log-pressure between 10−6 bar and
102 bar. While the lower level in the atmosphere of 100 bar
is well below the observable exoplanet photosphere, the up-
per level of 10−6 bar marks the region where molecules are
photo-dissociated and no longer contribute opacity (Moses
et al. 2011, 2013a; Moses 2014). In addition, a seventh free
parameter is the reference pressure Pref , the unknown prior
pressure at Rp. The atmospheric temperature profile pro-
vides for the total number density ntot(T) under the assump-
tion that the gas is ideal.
2.1.2 Sources of Chemical Opacity
In addition to the temperature structure of the atmosphere,
the retrieval forward model contains a suite of chemical
species in the atmosphere that absorb or scatter incident
light from the star. We consider several species expected to
be prevalent in the atmospheres of hot Jupiters and with
significant opacity in the spectral range of observations be-
tween 0.3 µm and 5 µm (Madhusudhan 2012; Moses et al.
2013b; Venot & Agu´ndez 2015). The species include Na, K,
H2O, CO, CH4, CO2, HCN, and NH3. The volumetric mix-
ing ratio of each species, Xi = ni/ntot, is assumed uniform in
the atmosphere and each is a free parameter in the retrieval
framework. The volumetric mixing ratio of diatomic hydro-
gen is calculated assuming a H2-He dominated atmosphere
with a solar composition He/H2 of 0.18 (derived from As-
plund et al. 2009) and requiring the summation of relative
abundances be unity, XH2 = (1 − Σi,i,HeXi)/(1 + XHe/XH2 ).
We consider line absorption from each of the above
species and collision-induced absorption (CIA) from H2-H2
and H2-He. The molecular cross-sections for CH4, HCN,
and NH3 are computed from EXOMOL line data (Tennyson
et al. 2016) and those for H2O, CO, and CO2 are obtained
from HITEMP (Rothman et al. 2010). The CIA line data
are sourced from the HITRAN archive (Richard et al. 2012).
These line data are applied with a Voigt function to incorpo-
rate both temperature (Doppler) and pressure broadening.
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Figure 2. Cross-sections of molecular species considered in our
forward model. These are shown at the approximate average equi-
librium temperature of the hot giant exoplanets considered in this
work and a pressure of 1 mbar, where the slant optical depth τs
is ∼1. The cross-sections are smoothed for clarity.
The computed molecular cross-sections are binned to a res-
olution of 0.01 cm−1 on a pre-defined temperature and pres-
sure grid spanning 10−5 to 102 bar and 300 – 3500 K. The
established grid is interpolated to extract the cross-section
for a general temperature, pressure and wavelength. A com-
plete description of molecular cross-section calculations from
the latest available line-list data is presented in Gandhi &
Madhusudhan (2017).
The molecular cross-sections thus obtained are evalu-
ated at each p–T point of the atmosphere along the path of
a ray. The contributions from all species are summed at each
point and weighed by their mixing ratios Xi to give the total
extinction coefficient κ at each point along a slant path s,
κ(p,T, λ) =
∑
i
Xintot(p,T)σi(p,T, λ) + XH2ntot(p,T)σH2 (λ)
(4)
+
∑
j
XH2 Xjn
2
totσH2−j (T, λ),
dτs(p,T, λ) = κ(p,T, λ)ds. (5)
Here, the first term of Equation (4) contributes extinction
from molecular species and alkali metals, the second term
represents H2 Rayleigh scattering, and the third term serves
for CIA extinction from interactions between H2 and He
such that j ∈ {H2,He}. The CIA ‘cross-section’ σH2−j has
units of [m−1amagat−2] or [m5]. Figure 2 shows the computed
molecular cross-sections for the species considered in this
work at 1500 K and 1 mbar. The temperature represents the
approximate average equilibrium temperature of the planets
considered in this work.
2.1.3 Cloud and Haze Model
Observations of transiting exoplanets have suggested clouds
and hazes across a wide spectrum of planetary types (e.g.
Kreidberg et al. 2014a; Knutson et al. 2014a; Sing et al. 2016;
MNRAS 000, 1–22 (2018)
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MacDonald & Madhusudhan 2017). The terms ‘clouds’ and
‘hazes’ are typically used in specific contexts in the litera-
ture. From a formation standpoint, ‘hazes’ imply particles
formed through photochemical processes whereas a ‘cloud’
constitutes particles formed through condensation of vapour
on to a nucleus under suitable thermodynamic conditions
(Marley et al. 2013). Hazes and clouds typically constitute
small and large particles, respectively, where the distinction
in particle size occurs at ∼0.1 µm.
These terms are also used in reference to the predomi-
nant morphology of spectral features they induce in trans-
mission spectra, especially in parametric models used for
atmospheric retrieval or forward models (e.g., Benneke &
Seager 2012; Kreidberg et al. 2014b; Sing et al. 2016; Mac-
Donald & Madhusudhan 2017). A ‘cloud’ is generally used
to mean a source of grey opacity from particle sizes &1 µm
throughout the spectral range effective to a certain height
in the atmosphere, while a ‘haze’ is represented by a non-
grey opacity in the optical wavelength region and through
a power-law dependence on wavelength (e.g. MacDonald &
Madhusudhan 2017). In essence, hazes produce Rayleigh-like
slopes in the visible spectral range while clouds produce grey
opacity throughout the spectrum (Pinhas & Madhusudhan
2017).
Our forward model includes a parameterization for in-
homogeneous clouds and hazes which accounts for effects
due to the broad range of particle sizes (MacDonald & Mad-
husudhan 2017). The extinction coefficient (with units of in-
verse length) which broadly incorporates these two spectral
effects is,
κcloud/haze(r) =
{
nH2aσ0(λ/λ0)γ if P < Pcloud
∞ otherwise (6)
where the first relation represents a slope in the optical
characteristic of hazes and the second equality represents
an opaque grey opacity across all wavelengths characteris-
tic of clouds of particle sizes &1 µm. Here, λ0 is a reference
wavelength (0.35 µm), σ0 is the gaseous H2 Rayleigh scat-
tering cross-section at λ0 (5.31×10−31m2), a is the ‘Rayleigh-
enhancement factor’ and γ is the ‘scattering slope’. The
Rayleigh-enhancement factor effectively quantifies the offset
level of the optical transmission spectrum. In principle, in-
herent variations in species’ refractive indices can constrain
different species through the value of a. Moreover, the op-
tical slope can also be used to constrain species since each
species has characteristic values of γ (Pinhas & Madhusud-
han 2017). Three cloud/haze parameters for our retrieval are
thus a, γ, and Pcloud. The fourth cloud/haze parameter φ¯ de-
scribes the terminator-averaged cloud/haze contribution of
a two-dimensional planetary atmosphere and enters into the
planet’s transit depth as
∆planet(λ) = φ¯∆cloud/haze(λ) + (1 − φ¯)∆clear(λ). (7)
where ∆cloud/haze (∆clear) are the transit depths computed
with (without) incorporation of clouds/hazes. A terminator
completely covered with clouds/hazes has φ¯ = 1 while a clear
atmosphere along the terminator has φ¯ = 0. A terminator
with 0 < φ¯ < 1 contains patchy or inhomogeneous clouds
and hazes.
2.1.4 Radiative Transfer of Stellar Light
As an exoplanet transits its host star, incident stellar light
filters through the planetary atmosphere and experiences
differential extinction across wavelength due to absorption
and scattering. The observed transmission spectrum is mod-
eled through consideration of pencil rays travelling through
each layer in the atmosphere. The atmosphere is assumed
to be in hydro-static equilibrium and composed of an ideal
gas. The transit depth components in Equation (7) for the
two-dimensional atmosphere model are computed through
(see MacDonald & Madhusudhan 2017, Appendix),
∆j (λ) =
R2p + 2
∫ Rp+HA
Rp
b (1 − e−τs, j (b,λ)) db − 2
∫ Rp
0 be
−τs, j (b,λ)db
R2?
,
(8)
Here, j ∈ {cloud/haze, clear} and denotes the component
in Equation (7), R? is the stellar radius, HA is the maximal
atmospheric altitude (i.e. at 1 µbar), b is the impact param-
eter perpendicular to the line-of-sight, and τs, j is the total
slant optical depth for component j at b. As such, τs, j (b, λ)
is the integral of Equation (5) over slant length s. The vari-
able planetary radius with wavelength in Equation (8) can
be understood physically. The first term is achromatic ab-
sorption from an opaque planetary radius. The second term
accounts for chromatic extinction of incident light rays above
the fiducial Rp, and the third term accounts for rays whose
atmospheric optical depth lies below the assumed fiducial
radius Rp.
2.1.5 Heterogeneous Stellar Photosphere
The photospheres of stars display heterogeneity in the form
of magnetic active regions. Beyond observations of the Sun,
the most straightforward evidence for this comes from ob-
served periodic brightness variations (e.g. McQuillan et al.
2014; Newton et al. 2016), which correspond to active re-
gions rotating into and out of the projected stellar disk.
These observations, however, place only lower limits on ac-
tive region covering fractions, as longitudinally symmetric
components of the surface heterogeneity do not contribute
to brightness variations (Rackham et al. 2018).
The types of stellar heterogeneity considered in this
work are cool spots and hot faculae, respectively dimmer
and brighter areas of a star that evolve on timescale of days
to weeks (see Hathaway 2015, and references therein). The
model for heterogeneous stellar photospheres used in the
present work was developed previously and used to inter-
pret the optical transmission spectrum of GJ 1214b (Rack-
ham et al. 2017). The model is used concomitantly with the
usual exoplanetary atmosphere properties to study the stel-
lar and planetary nature of transmission spectra.
We utilize the Composite Photosphere and Atmospheric
Transmission (CPAT) model to formally account for in-
homogeneities in the stellar photosphere (Rackham et al.
2017). The model divides the stellar surface into two compo-
nents, called the ‘unocculted’ and ‘occulted’ components, de-
fined so by the region of the star occulted by the planet dur-
ing transit. The occulted component of the stellar disk has
an average spectral energy distribution So(λ) and contains
the planetary transit chord. The unocculted component ac-
MNRAS 000, 1–22 (2018)
Aura: Retrieval of stellar and planetary properties 5
counts for heterogeneity features (cool spots and/or hot fac-
ulae) outside of the transit chord in aggregate and has an av-
erage spectral energy distribution Su(λ). We use PHOENIX
atmospheric models (Husser et al. 2013) to construct the two
spectral components of the star. The spectral energy distri-
butions are interpolated from the grid of PHOENIX models
through specification of three stellar parameters including
the photospheric temperature, stellar metallicity, and stel-
lar gravity. In this analysis, we fix the stellar metallicity and
gravity to literature values and parameterize the different
components by temperature. The family of PHOENIX stel-
lar models are limited to effective temperatures of ∼2300
K and hence we have incorporated the DRIFT-PHOENIX
grid of atmospheric models (Witte et al. 2011) which allows
consideration of lower temperatures to 1,000 K. While both
model grids are based on the PHOENIX stellar atmosphere
code (Hauschildt & Baron 1999), the DRIFT-PHOENIX
models include additional physics applicable to cooler at-
mospheres, including the growth and settling of dust grains
(Woitke & Helling 2003, 2004; Helling et al. 2008b,a; Helling
& Woitke 2006; Witte et al. 2009). While the host stars con-
sidered in this work have effective temperatures above 4,500
K, DRIFT-PHOENIX can be used to study present and fu-
ture transmission spectra of planets orbiting cooler active
stars.
The observed planetary transmission spectrum account-
ing for heterogeneous stellar photospheres is(Rp(λ)
R?(λ)
)2
︸      ︷︷      ︸
Observed
Spectrum
=
(
Rp(λ)
R?
)2
︸      ︷︷      ︸
Planetary
Spectrum
(
1 − δ
(
1 − Su(λ)So(λ)
))−1
︸                        ︷︷                        ︸
Stellar
Contamination
(9)
or succinctly,
∆obs = ∆planetEhet. (10)
Here, δ is the areal fraction of the projected stellar disk cov-
ered with heterogeneities (cool spots and/or hot faculae),
Su(λ) is the representative spectrum of the heterogeneities,
and So(λ) is the spectrum of the occulted stellar surface,
which we assume to be the immaculate photosphere. Equa-
tion (9) can be understood plainly. The first term on the
right is the ‘pristine’ transit spectrum which alone consid-
ers effects from the planetary atmosphere, i.e. Equation (7).
The second is a perturbative term that incorporates hetero-
geneity of the stellar disk and is the ‘contamination’ spec-
trum Ehet. The observed spectrum is the product of the two
components. In the case of cool spots, Su/So decreases with
bluer wavelengths, decreasing the apparent radius of the star
R? and hence increasing the observed transit depth ∆obs. On
the other hand, hot faculae increase Su/So with bluer wave-
lengths, thereby increasing the apparent radius of the star
and decreasing ∆obs. We note that both cool spots and hot
faculae may be present simultaneously in the unocculted
component of the stellar disk and thus jointly affect the
transmission spectrum. However, these features produce op-
posing effects on the transmission spectrum, as illustrated
in Figure 3, and in practice, one effect will dominate the
observed spectrum. In this light, δ broadly represents the
relative overabundance of the dominant heterogeneity in the
unocculted disk. Nevertheless, it is important to emphasize
that Equation (9) may be easily expanded to incorporate
spot and facula effects separately as is expressed in Equa-
tion (3) of Rackham et al. (2018).
The variational effects of the three stellar parameters
on observed transit depths are shown in Figure 4. Sensi-
tivity in all three parameters is greatest in the 0.2 − 1.0
µm range. An increase in the heterogeneity covering frac-
tion δ amplifies the ratio of spectral energy distributions,
Su/So, and therefore increasingly portrays the fine spectral
details from the two stellar components. For a covering frac-
tion dominated by cool spots, an increased δ amounts to a
decreased apparent stellar radius and leads to higher val-
ues of the transit depth. The increase in transit depth is
not uniform, with the visible spectral range affected much
more than the near- and mid-infrared ranges. In addition,
an increase in the heterogeneity temperature Thet modifies
the fine spectral features apparent in the spectrum and is
representative of different stellar types, as seen in the mid-
dle panel of Figure 4. For Thet greater than Tphot, the optical
spectrum curves downward due to an increasing Su/So with
bluer wavelengths, increasing the apparent radius of the star.
As shown in the bottom panel, increasing the representative
photospheric temperature Tphot dampens spectral features
peculiar to the unocculted component and results in higher
transit depths throughout the whole spectral range.
In its entirety, our retrieval forward model contains 22
free parameters: seven for the pressure-temperature struc-
ture (T0, α1, α2, P1, P2, P3, Pref), eight for molecular and
elemental abundances (XNa, XK, XH2O, XCH4 , XNH3 , XHCN,
XCO, XCO2 ), four for clouds and hazes (a, γ, Pcloud, φ¯), and
three for the star (δ, Thet, Tphot).
2.1.6 Model-Data Comparison
With a forward model established from components 2.1.1 -
2.1.5 for a set of parameter values, it is necessary to ascertain
its degree of fit to observations. The statistical comparison of
a generated high-resolution forward model to observations is
a two-fold process. The high-resolution spectrum generated
from (at most) 22 free parameters is first convolved with
the point-spread function (PSF) of each instrument, which
degrades the model abstraction to the instrument’s capabil-
ity. The convolved model spectrum is then further degraded
through its binning to the spectral resolution of the data.
In practice, the transition of a high-resolution modelM
to a lower-resolution convolved spectrum is calculated from
Mconv(λ) =
∫ λmax
λmin
M(λ′)PSF(λ − λ′)dλ′. (11)
The convolved spectrum is then discretized to the resolution
of the data through weighting by the instrument sensitivity
function s(λ),
Mbinned,i =
∫ λmax, i
λmin, i
Mconvs(λ)dλ∫ λmax, i
λmin, i
s(λ)dλ
, (12)
This calculation is performed for each datum i where
λmin,i (λmax,i) is the minimum (maximum) wavelength value
of the same.
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Figure 3. Spectral influence of stellar heterogeneity features. Left panel: Spectral radiances of a hot facula, the photosophere, and a cool
spot. It is clear that Su/So increases (decreases) for a hot facula (cool spot) with bluer wavelengths. The spectrum of the photosphere
was produced assuming properties of HAT-P-1b and adding (subtracting) 300 K for the hot facula (cool spot) spectrum. Right panel:
Stellar contamination spectrum Ehet. A cool spot (hot facula) displays an increase (decrease) in the contamination spectrum (and hence
ultimately the observed spectrum) with decreased wavelengths. In both cases a covering fraction of ten percent is assumed.
2.2 Bayesian Inference
The essence of our retrieval approach is to use spectra of
transiting exoplanets to infer various properties of the ex-
oplanetary atmosphere and heterogeneous properties of the
star. In addition to parameter estimation of planetary and
stellar properties, it is necessary to compare the adequacy of
different model realizations to the observations. Hence, we
here adopt a Bayesian statistics approach towards estima-
tion of planetary and stellar properties and model compari-
son.
The Bayesian algorithm used in this work is the Multi-
Nest multi-modal nested sampling technique that enables
efficient calculation of the Bayesian evidence as well as
parameter estimation (Skilling 2004, 2006; Feroz & Hob-
son 2008; Feroz et al. 2009, 2013). The sampling proce-
dure takes transit spectra as input and samples the com-
plex multi-dimensional space of forward model parameters
(planetary and stellar) to compute the evidence Z. In ad-
dition, the nested sampling approach allows for joint and
marginalised posterior distributions of the forward model
parameters and their statistical credibility intervals. We im-
plement the MultiNest nested sampling algorithm through
a Python wrapper, PyMultiNest (Buchner et al. 2014). The
reader is referred to Skilling (2004), Skilling (2006), Feroz
et al. (2013), and Buchner et al. (2014) for extensive discus-
sions on the nested sampling method.
2.2.1 Parameter Estimation
The heart of Bayesian parameter estimation lies in one re-
lation known as Bayes’ Theorem. Consider a forward model
Mi defined by a set of free parameters θ. The a priori values
and probabilities of the parameters are described through
the prior probability density function, pi(θ |Mi). Considera-
tion of observations allows for a formal modification on the
probabilities of prior parameters through Bayes’ Theorem
written as,
p(θ |Dobs) =
L(Dobs |θ,Mi) pi(θ |Mi)
Z(Dobs |Mi)
. (13)
Here, the initial parameter plausabilities (pi(θ |Mi)) trans-
form according to the plausability of the observations in
light of the parameter values θ (L(Dobs |θ,Mi)) to give a final
distribution of probabilities for each parameter (p(θ |Dobs)).
Normalization of the posterior probability distribution is en-
sured through Z(Dobs |Mi). A measure of fit between obser-
vations and forward model parameter values is given by the
likelihood function as
L(Dobs |θ,Mi) =
Nobs∏
k
(2piσ2k )−1/2e
− (Dobs,k−Mi,k )
2
2σ2
k , (14)
in which Mi,k is the kth binned datum of spectrum Mi , as
outlined in Section 2.1.6, and σk is the precision on the kth
datum. A determination of parameter values through Equa-
tion (13) does not in itself require a calculation of Z since
the latter is merely a constant of normalization. However,
this assumes the model – among other putative models –
is best suited to describe the data. Therefore, a determi-
nation of Z is powerful when one aims to compare models
with different assumptions (e.g., stellar heterogeneity versus
no stellar heterogeneity). The evidence Z, so called for its
utility in providing evidence for one model over another, is a
weighted sum of the likelihood function over the prior space,
Z =
∫
θ
L(Dobs |θ,Mi) pi(θ |Mi)dθ . (15)
2.2.2 Model Comparison
In addition to the parameter estimation achieved through
Bayes’ Theorem, the nested sampling method allows for a
direct computation of Z and enables model comparisons.
This is in contrast to Markov chain Monte Carlo methods
which have been designed to obtain posterior distributions
without providing Z. The key to an efficient calculation of
Z lies in collapsing the integral in Equation (15) to a one-
dimensional sum (Skilling 2006). To obtain Z in this form,
first we consider the cumulant prior mass defined by
X(β) =
∫
L(θ)>β
pi(θ)dθ (16)
MNRAS 000, 1–22 (2018)
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Figure 4. Effects of stellar properties on observed transmission spectra. The transmission spectra are calculated according to Equation (9)
for underlying properties representative of HAT-P-1b. Each panel shows the influence of one stellar parameter. The upper, middle, and
bottom panels illustrate variations in the covering fraction, heterogeneity temperature, and photospheric temperature, respectively.
Lighter colours represent larger values in the considered parameters. The darker models do not show less variation in near-infrared
molecular features; rather, these features are hidden by the lighter models.
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and which considers all likelihood values greater than β. As β
increases the enclosed cumulant mass X decreases from 1 to
0, where for β = Lmax, X = 0. Hence the evidence in Equation
(15) transforms to an integral across one dimension (Skilling
2006),
Z =
∫ 1
0
L(X)dX, (17)
which is computed numerically through a weighted sum over
all sets of sampled priors,
Z =
Nsampled∑
i
Liwi . (18)
The nested sampling procedure runs with an evolving
set of N ‘live points’ drawn from the prior mass where N can
be large for accuracy or small for expedition (Skilling 2006).
At each sampling iteration one live point with the lowest
likelihood value Lmin is substituted with another point of
likelihood Lsub drawn from the prior distribution such that
Lsub > Lmin. By induction, the live points are drawn from
steadily contracting iso-likelihood contours with progressive
iterations. The sampling process continues as above with Z
calculated by Equation (18) and is terminated once a pre-
figured tolerance on ∆Z is achieved, providing for a final
value and error on Z.
With the evidence thus acquired, a quantitative com-
parison of two models is given through the ratio of their
evidences (Trotta 2008),
Bi j = ZiZj (19)
where the sub-scripts i and j represent model i and j, respec-
tively. A Bi j > 1 represents preference for Mi over M j . In
particular, Bi j values of 1− 3, 3− 20, 20− 150, and >150 can
be interpreted as ‘weak’, ‘substantial’, ‘strong’, and ‘very
strong’ preferences of model Mi against model M j , respec-
tively (Kass & Raftery 1995). This enables direct model
comparison for distinct model realizations (e.g., stellar het-
erogeneity versus no stellar heterogeneity). In this work we
assume uniform priors on the tested models, such that no
one model is inherently preferred over another (however, see
Sections 5.1 and 5.2). As discussed in Trotta (2008) and
Benneke & Seager (2013), the Bayes factor can be trans-
formed into a detection significance (i.e. σ significance) in
the language of frequency statistics and effectively quantifies
the significance of model Mi against M j . We communicate
both statistics in the presentation of our results to accom-
modate readers familiar with either area.
3 RETRIEVAL SELF-CONSISTENCY
We present a retrieval framework for transmission spectra
that enables joint estimation of planetary and stellar prop-
erties. Before an application to the spectra of a sample of
hot Jupiters, we here examine the fidelity of our framework
on simulated observations.
We use HAT-P-1b as a representative test case. The
set of data for HAT-P-1b is of moderate quality among the
studied hot Jupiters and is characterised by median spec-
tral resolution and precisions. HAT-P-1 also shows an inter-
Table 1. Prior information used in retrieval analyses.
Parameter
Prior
Distribution
Prior Range
T0 Uniform 800 − Teq + 200 K (see
Table 2 for Teq)
α1,2 Uniform 0.02 − 1 K−1/2
P1,2 Log-uniform 10−6 − 102 bar
P3 Log-uniform 10−2 − 102 bar
Xi Log-uniform 10−12 − 10−2
a Log-Uniform 10−4 − 108
γ Uniform -20 − 2
Pcloud Log-Uniform 10−6 − 102 bar
φ¯ Uniform 0 − 1
δ Uniform 0 − 0.5
Thet Uniform 0.5Tphot − 1.2Tphot
Tphot Gaussian Planet specific (see
Table 2)
mediate amount of stellar activity based on emission from
singly-ionised calcium H and K lines (i.e. log(R
′
HK) index,
Noyes et al. 1984; Hall 2008) which is thought to be a proxy
for stellar activity given its direct relationship with active
regions in the Sun (Baliunas & Soon 1995). The simulated
exercise therefore examines the degree to which heterogene-
ity properties of active stars and atmospheric properties of
exoplanets can be inferred in light of moderate data quality
and sets a reference to the retrievability of higher quality
transit spectra.
The precisions for the synthetic data of HAT-P-1b as-
sume median values on the precisions of the actual data
for each instrumental mode. This renders different preci-
sions for five instruments: HST STIS G430L (85 ppm), HST
STIS G750L (140 ppm), HST WFC3 G141 (158 ppm), and
two Spitzer band-passes at 3.6 (160 ppm) and 4.5 µm (141
ppm). In addition to the above precisions, the simulated
data have been shifted with random Gaussian noise drawn
from distributions with standard deviations matching the in-
strumental precisions to resemble genuine observations. The
p–T profile of the atmosphere is chosen such that the photo-
spheric temperature at ∼1mbar is HAT-P-1b’s equilibrium
temperature of 1,320 K. The pressure associated with Rp
is Pref = 10−2 bar. The molecular and elemental abundances
are representative of solar compositions at 1,320 K: log(XNa)
= −5.5, log(XK) = −6.7, log(XH2O) = −3.2, log(XCH4 ) = −4.4,
log(XCO) = −3.4, log(XCO2 ) = −6.9, log(XHCN) = −7.8, and
log(XNH3 ) = −5.9 (Madhusudhan 2012; Asplund et al. 2009;
Heng & Tsai 2016). The haze and cloud parameters are
assumed to be a = 102, γ = −7, Pcloud = 10−2 bar, and
φ¯ = 0.4. The temperature of the photosphere is Tphot =
5,980 K and the stellar disk contains cool starspots at Thet
= 5,100 K with a covering fraction of δ = 5%. The high
resolution forward models in the retrieval were evaluated
using 3,000 wavelength points between 0.3 and 5 µm. The
multi-dimensional space of forward model parameters is ex-
plored with 1,000 live points in the MultiNest sampling
algorithm. This amount of live points is an optimal via me-
dia in maximizing the accuracy of parameter estimates and
the evidence and minimizing the time needed to attain a
converged solution.
The priors used for the planetary and stellar parameters
MNRAS 000, 1–22 (2018)
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Parameter True value Retrieved value+1σ−1σ
T0 1100 1090+145−130
α1 0.65 0.72+0.18−0.19
α2 0.59 0.61+0.24−0.24
log(P1) −1.6 −1.58+1.59−1.65
log(P2) −4 −4.00+1.72−1.28
log(P3) 0.6 0.57+0.93−1.22
log(Pref ) −2 −1.92+0.74−0.71
log(XNa) −5.5 −5.75+1.31−0.97
log(XK) −6.7 −6.72+1.24−1.03
log(XH2O) −3.2 −3.32+0.64−0.65
log(XCH4 ) −4.4 −4.48+0.80−1.61
log(XCO) −3.4 −7.39+2.94−2.89
log(XCO2 ) −6.9 −9.14+2.00−1.81
log(XHCN) −7.8 −8.02+2.61−2.51
log(XNH3 ) −5.9 −8.56+2.10−2.11
log(a) 2 1.75+1.73−2.15
γ −7 −12.19+6.20−4.83
log(Pcloud) −2 −0.54+1.60−2.16
φ¯ 0.4 0.29+0.33−0.20
δ 0.05 0.07+0.05−0.04
Thet 5100 5510+254−472
Tphot 5980 5980+7−7
MNRAS 000, 1–1 (2017)
Figure 5. Posterior distributions of planetary and stellar properties for simulated observations. Shown in the main are joint and
marginalised retrieved distributions. The red lines and green squares indicate the true values of the synthetic model used to generate the
simulated data. The fully marginalized panels along the diagonal show retrieved median and 1σ confidence intervals in blue. The inset
table lists the true parameter values of the synthetic model and the retrieved parameter values with the 1σ confidence limits.
for all the retrievals in this work are displayed in Table 1.
The prior distributions and ranges follow similar prescrip-
tions used in previous studies (e.g. Benneke & Seager 2012;
Line et al. 2012; MacDonald & Madhusudhan 2017) and
are based on physically plausible assumptions for the var-
ious parameters. A uniform prior distribution is used for
parameters which vary less than 2 dex, while a uniform-in-
logarithm prior is adopted for parameters whose values span
over many orders of magnitude. A Gaussian prior distribu-
tion is used for the photospheric temperatures since they
are rather reliably determined; parallaxes and angular sizes
are used to derive a linear radius of the star, which together
MNRAS 000, 1–22 (2018)
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Figure 6. Retrieved spectrum and p − T profile of the synthetic observations. Main Figure: The retrieved median spectrum and true
spectrum used to generate the synthetic observations are shown in red and blue, respectively. Both models are smoothed for clarity. The
light red envelopes around the median spectrum show the associated 1σ and 2σ confidence intervals. The simulated observations used as
input to the retrieval are shown in green. The yellow points are the binned model points of the median spectrum at the same resolution
as the observations. Inset Figure: The retrieved temperature profile of the simulated observations. As in the main figure, the red and
blue spectra are the median retrieved and true p −T profiles, respectively. The light red contours are the 1σ and 2σ confidence intervals
of the retrieved profiles.
with a bolometric luminosity measurement gives the pho-
tospheric temperature from the Stefan-Boltzmann equation
(see e.g. Boyajian et al. 2015).
As for the prior ranges, the lower prior of the hetero-
geneity temperature derives from Figure 7 of Berdyugina
(2005) while the upper bound represents typical temper-
atures of solar faculae (Hirayama 1978). The heterogene-
ity covering fraction δ spans from no coverage to a nom-
inal upper limit based on maximal values consistent with
amplitudes of stellar photometric variations (see e.g. Rack-
ham et al. 2018). The cloud and haze coverage fraction can
span the whole range from clear (i.e. 0) to fully cloudy/hazy
(i.e. 1). Since the atmosphere is structured from 102 bar to
1 µbar, the cloud-top pressure can span the whole range,
with smaller values potentially indicative of stronger ver-
tical mixing. The lower limit of γ is an extreme value in-
dicative of hazes having imaginary refractive indices that
vary strongly with wavelength (e.g. see sulphides in Pin-
has & Madhusudhan 2017) and of particle sizes .0.1 µm,
while the upper bound of ∼0 represents larger particles.
It can be shown that the Rayleigh-enhancement factor a
is a = (Xhazeσhaze,0)/(XH2σ0), where Xhaze is the volumetric
mixing ratio of hazes, XH2 is the volumetric mixing ratio of
molecular hydrogen, σhaze,0 is the cross-section of hazes at λ0
(see Section 2.1.3), and σ0 is the H2 scattering cross-section
at λ0. Pinhas & Madhusudhan (2017) use experimental re-
fractive index data for a dozen aerosols and show their ex-
tinction cross-sections for small particles (∼10−2 µm) to be
∼10−12 cm2 at λ0. For nominal values of Xhaze ranging from
10−20 to 10−8, a XH2 of 0.85, and a σ0 of 5.31 × 10−27 cm2
(see Section 2.1.3), we find that a spans from about 10−4 to
108.
The molecular abundances Xi range from extremely
trace amounts (10−12) to potentially metal-rich atmospheres
(∼1). The parametric p − T profile we use is sectioned into
three layers. The third layer is the regime where a high op-
tical depth leads to an isothermal temperature profile and
P3 is the pressure defining the onset of this layer. Hot atmo-
spheres can have substantial isothermal layers with P3∼10−2
bar, with larger values possible for cooler atmospheres. Layer
1 and 2 are defined by P1 and P2; in the most general case,
they can span the whole atmosphere but are conditional on
being less than P3. Gradients in the temperature profile are
controlled by α1 and α2, which in principal can span very
steep changes in temperature with height (i.e. values of ∼0)
to minimal changes in dT/dz (i.e. values of ∼1). The skin
temperature at the top of the atmosphere spans cool temper-
atures of 800 K to slightly above the calculated equilibrium
temperature.
Figure 5 shows the retrieved posterior distributions of
parameters for the simulated data and the retrieved spec-
tral fit and p–T profile are shown in Figure 6. Both figures
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are made available on the Open Science Framework1 under
‘HAT-P-1b/Self-consistency test’. The parameter estimates
are generally in good agreement with the true values used
to generate the simulated observations. The inverted tem-
perature profile is in excellent agreement with the true pro-
file, with only marginal deviations between true and median
profiles; the true p–T parameter values all lie well within the
retrieved 1σ ranges. The majority of true molecular abun-
dances are constrained within the retrieved 1σ uncertainties,
but overall are inverted less well than the p–T parameters
since the true abundances of CO and NH3 lie just outside
1σ estimates. The precisions and limited spectral coverage of
the data inhibit sensitivity to the latter abundances. Impor-
tantly, the haze and cloud properties effective in the optical
and near-infrared are constrained within the 1σ confidence
regions.
The stellar parameters are well constrained to the true
inputs. There is a joint degeneracy between the covering
fraction δ and the heterogeneity temperature Thet. The pos-
itive correlation between these two stellar parameters arises
from a decrease in the level of the optical transit depth with
higher Thet. Higher values of the heterogeneity temperature
provide less contrast between the stellar photosphere and
the heterogeneity features, reducing the transit depth in the
0.3 to 1.0 µm range as illustrated in the middle panel of
Figure 4. Larger covering fractions are able to increase the
transit depth and restore the spectrum to the same level.
The simulated exercise demonstrates several points of
essence. We illustrate that concurrent estimates of exoplanet
atmosphere properties and features of a heterogeneous stel-
lar disk are possible with present observations. In light of
the dominant effect of stellar heterogeneity in the optical
region, it is noteworthy that the presence and abundances
of Na and K can be estimated reliably to 1σ. In general,
the retrievability of stellar and planetary parameters must
be examined individually for each considered planet. The
ever increasing quality of forthcoming observations such as
those from the JWST and future ground-based facilities as
well as present instruments (e.g. VLT and ELTs) promises to
increase the reliability of retrieved properties for transiting
planets orbiting active stars.
4 APPLICATION TO TRANSMISSION
OBSERVATIONS
We here use our retrieval framework to study the stellar
and planetary properties of available hot Jupiter observa-
tions. We apply our joint retrieval framework to the hot
Jupiter ensemble presented in Sing et al. (2016) with the
exception of HD 189733b, for which a transmission spec-
trum uncorrected for imprints of stellar heterogeneity is not
available. Specifically, we focus on determining whether the
spectra demonstrate imprints of stellar heterogeneity and
clouds/hazes in the planetary atmosphere, with this infor-
mation deriving especially from the 0.3 to 1.0 µm range. A
study of the chemical compositions and abundances in the
hot Jupiters are presented in a separate work (Pinhas et al.,
submitted).
1 https://osf.io/6gwtm/?view_only=
46c6e5ece1264da598dc461948873055
Retrieval of the transmission spectra requires that the
data have not been processed and corrected for stellar ac-
tivity features. Therefore, we first outline the pre-processed
data used as input to the retrieval framework. We then
present our retrieval analyses on these pre-processed obser-
vations to illuminate the relative significance of stellar het-
erogeneity and clouds/hazes for the hot Jupiter ensemble.
4.1 Data Uncorrected for Stellar Heterogeneity
A portion of the hot Jupiter transmission observations pre-
sented in Sing et al. (2016) have been processed and cor-
rected for unocculted and occulted heterogeneity features.
Therefore we remove any applied heterogeneity corrections
to the spectra before a retrieval application is carried out on
the ensemble. Table 2 lists the data components as well as
system properties for each planet. In what follows, we briefly
describe the pre-processed data used for the planets.
4.1.1 WASP-19b
The uncorrected transmission spectrum of WASP-19b in the
optical and near-infrared are from Huitson et al. (2013). We
obtain the uncorrected spectrum by reversing the correc-
tion to the four HST/STIS data points detailed by Huitson
et al. (2013). We note that Sing et al. (2016) present two
more data points in the blue wavelength region that are not
present in the optical data of Huitson et al. (2013). However,
sufficient information is not present in Sing et al. (2016) to
determine the applied corrections to these points. We there-
fore do not use these two additional data and consider only
the optical observations from Huitson et al. (2013). In addi-
tion to these optical and near-infrared observations, we use
two Spitzer data presented in Sing et al. (2016) to which no
stellar correction was applied.
4.1.2 WASP-6b
To produce the WASP-6b transit spectrum uncorrected for
heterogeneity of its star, we start with the data presented in
Nikolov et al. (2015) and subtract the additional uncertainty
applied in their Section 2.3. The typical uncertainty is now
∆Rp/R? ∼220 ppm smaller, in agreement with the change
described in Nikolov et al. (2015). This change is significant
for most wavelength bins, representing a ∼40% reduction in
the error on the measurement.
4.1.3 Other Hot Jupiters
The transmission spectra for all other planets experienced no
corrections. Therefore we use the data as presented in Sing
et al. (2016) for HD 209458b, HAT-P-1b, WASP-39b, HAT-
P-12b, WASP-31b, WASP-12b, and WASP-17b. Additional
HST WFC3 data for WASP-39b (Tsiaras et al. 2017), HAT-
P-12b (Line et al. 2013), and WASP-12b (Kreidberg et al.
2014b) complement the above.
4.2 Retrieval of Uncorrected Data
We conduct five independent retrievals for each hot
Jupiter to examine the roles of stellar heterogeneity and
MNRAS 000, 1–22 (2018)
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Planet log R
′
HK Spectral Type Tphot (K) Teq (K) Rp (RJ ) Data Ref.
WASP-19b −4.660 G8 5500 ± 100 2,050 1.41
HST/STIS/G430L, G750L
HST/WFC3/G141
Spitzer/IRAC/3.6, 4.5 channel
Huitson et al.
(2013)
Sing et al. (2016)
WASP-6b −4.741 G8 5375 ± 65 1,150 1.22 HST/STIS/G430L, G750L
Spitzer/IRAC/3.6, 4.5 channel
Nikolov et al. (2015)
HD 209458b −4.970 G0 6092 ± 103 1,450 1.359
HST/STIS/G430L, G750L
HST/WFC3/G141
Spitzer/IRAC/3.6, 4.5 channel
Sing et al. (2016)
HAT-P-1b −4.984 G0 5980 ± 8 1,320 1.32
HST/STIS/G430L, G750L
HST/WFC3/G141
Spitzer/IRAC/3.6, 4.5 channel
Sing et al. (2016)
WASP-39b −4.994 G8 5400 ± 150 1,120 1.27
HST/STIS/G430L, G750L
HST/WFC3/G141
Spitzer/IRAC/3.6, 4.5 channel
Tsiaras et al.
(2017)
Sing et al. (2016)
HAT-P-12b −5.104 K5 4650 ± 60 960 0.96
HST/STIS/G430L, G750L
HST/WFC3/G141
Spitzer/IRAC/3.6, 4.5 channel
Line et al. (2013)
Sing et al. (2016)
WASP-31b −5.225 F 6300 ± 100 1,580 1.55
HST/STIS/G430L, G750L
HST/WFC3/G141
Spitzer/IRAC/3.6, 4.5 channel
Sing et al. (2016)
WASP-12b −5.500 G0 6400 ± 190 2,510 1.73
HST/STIS/G430L, G750L
HST/WFC3/G102, G141
Spitzer/IRAC/3.6, 4.5 channel
Kreidberg et al.
(2015)
Sing et al. (2016)
WASP-17b −5.531 F4 6650 ± 80 1,740 1.89
HST/STIS/G430L, G750L
HST/WFC3/G141
Spitzer/IRAC/3.6, 4.5 channel
Sing et al. (2016)
Table 2. Planetary system properties and observations. Columns two to four list properties of the stellar host and columns five to seven
show planetary properties. The observations used for each planet and uncorrected for stellar activity effects are shown in the eighth
column, with relevant references for the uncorrected data in the last column.
Group Planet Stellar Heterogeneity Clouds/Hazes
WASP-6b Strong Weak - Substantial
I
WASP-39b Substantial Weak - Strong
HD 209458b Weak Substantial - Very Strong
II
HAT-P-12b Weak Weak (against) - Very Strong
HAT-P-1b Weak (against) Weak (against) - Substantial
III
WASP-31b Weak (against) Weak
WASP-19b Substantial (against) Weak - Substantial
WASP-17b Substantial (against) Weak (against)IV
WASP-12b Substantial (against) Weak (against) - Weak
Table 3. Roles of stellar heterogeneity and clouds/hazes in the spectral ensemble. The qualitative descriptions in the two categories
are based on the Bayes factor results listed in Table 4 and the Bayes factor nomenclature scale of Kass & Raftery (1995). Instances
of ‘(against)’ following the qualitative descriptions signify that the category is not favoured to the degree of the description. Thus, for
example, the spectrum of WASP-31b is best interpreted through a weak suggestion against stellar heterogeneity and weak evidence
for hazes and/or clouds. The results for WASP-6b represent the full set of data. In summary, four groups of planets are distinguished
through the role in which stellar heterogeneity and clouds/hazes explain their spectra. Group I is best characterised by imprints of stellar
heterogeneity and clouds/hazes. Group II comprises HD 209458b and HAT-P-12b and shows weak evidence for stellar heterogeneity
but beyond substantial suggestions of clouds and/or hazes. HAT-P-1b and WASP-31b constitute Group III and show weak evidence
against stellar heterogeneity but weak to substantial indications of clouds and/or hazes. The fourth group – WASP-19b, WASP-17b, and
WASP-12b – can be explained best without stellar heterogeneity and weak to no evidence for clouds/hazes.
MNRAS 000, 1–22 (2018)
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Figure 2.
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Figure 7. Retrieved model transmission spectra compared to observations for the ensemble of hot Jupiters. The data are shown in green
and the retrieved median model is in dark red with associated 1σ and 2σ confidence contours. The yellow diamonds are the binned
median model at the same resolution as the observations. Model type HMch is shown for WASP-6b, WASP-39b, and HD 209458b; model
type HMc is shown for HAT-P-12b; model type Mch is shown for HAT-P-1b, WASP-31b, and WASP-19b; and model type M is shown
for WASP-17b and WASP-12b.
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Table 4. Bayesian model comparisons of the hot Jupiter ensemble. Listed are the evaluated model types, natural logarithms of the
evidences Z and Bayes factors with their associated significance levels. The reference model (‘Ref.’) includes a formalism for the het-
erogeneous of the stellar disk, opacity contributions from H2O, CH4, CO, CO2, HCN, NH3, Na, K, H2-H2 and H2-He, and a cloud and
haze parameterisation. The Bayes factor B0i represents the preference for the reference model over model i. The detection significance
signifies the degree of inclination of the reference model over the alternative model. Detection significance calculations are valid for Bayes
factors above one, hence the ‘N/A’ values.
WASP-6b (Full Data)
Model Type Evidence (ln(Z)) Bayes Factor B0i Detection Sig.
HMch 134.25 Ref. Ref.
HMc 134.06 1.22 1.37σ
HM 132.39 6.48 2.48σ
Mch 130.76 32.94 3.13σ
M 119.20 3.46 ×106 5.83σ
WASP-6b (Without Spitzer Data)
Model Type Evidence (ln(Z)) Bayes Factor B0i Detection Sig.
HMch 124.16 Ref Ref.
HMc 124.28 0.89 N/A
HM 123.79 1.45 1.56σ
Mch 124.06 1.11 1.23σ
M 124.47 0.74 N/A
WASP-39b
Model Type Evidence (ln(Z)) Bayes Factor B0i Detection Sig.
HMch 401.44 Ref. Ref.
HMc 401.17 1.30 1.45σ
HM 394.17 1430 4.22σ
Mch 399.60 6.26 2.47σ
M 393.16 3923 4.47σ
HD 209458b
Model Type Evidence (ln(Z)) Bayes Factor B0i Detection Sig.
HMch 957.83 Ref. Ref.
HMc 956.64 3.31 2.14σ
HM 945.45 2.38×105 5.34σ
Mch 957.47 1.44 1.55σ
M 947.01 5×104 5.02σ
HAT-P-12b
Model Type Evidence (ln(Z)) Bayes Factor B0i Detection Sig.
HMch 264.74 Ref. Ref.
HMc 264.83 0.92 N/A
HM 245.84 1.62×108 6.47σ
Mch 264.56 1.20 1.35σ
M 245.67 1.9×108 6.50σ
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HAT-P-1b
Model Type Evidence (ln(Z)) Bayes Factor B0i Detection Sig.
HMch 302.16 Ref. Ref.
HMc 302.23 0.93 N/A
HM 299.98 8.90 2.62σ
Mch 302.57 0.69 N/A
M 296.07 443.86 3.92σ
WASP-31b
Model Type Evidence (ln(Z)) Bayes Factor B0i Detection Sig.
HMch 395.54 Ref. Ref.
HMc 394.98 1.75 1.72σ
HM 395.17 1.45 1.56σ
Mch 395.98 0.64 N/A
M 392.00 34.51 3.14σ
WASP-19b
Model Type Evidence (ln(Z)) Bayes Factor B0i Detection Sig.
HMch 76.00 Ref. Ref.
HMc 74.89 3.06 2.09σ
HM 75.71 1.34 1.48σ
Mch 77.27 0.28 N/A
M 72.59 30.53 3.10σ
WASP-17b
Model Type Evidence (ln(Z)) Bayes Factor B0i Detection Sig.
HMch 249.31 Ref. Ref.
HMc 249.98 0.51 N/A
HM 250.08 0.47 N/A
Mch 250.52 0.30 N/A
M 251.02 0.18 N/A
WASP-12b
Model Type Evidence (ln(Z)) Bayes Factor B0i Detection Sig.
HMch 195.33 Ref. Ref.
HMc 196.38 0.35 N/A
HM 195.20 1.14 1.28σ
Mch 197.34 0.13 N/A
M 196.79 0.23 N/A
clouds/hazes contained in the spectral ensemble. The roles
of stellar heterogeneity and clouds/hazes in the hot Jupiter
spectra are summarised in Table 3. Table 4 provides the
detailed statistical results for the five retrieval types used
to arrive at the conclusions in Table 3. The full retrieval
results including posterior distributions, spectral fits, and
p–T profiles are available on the Open Science Framework1.
The retrieved stellar parameters of the most complex model
described below (i.e. number 1) are listed in Table A1. Rep-
resentative spectral fits for the planetary ensemble are dis-
played in Figure 7. All retrieval types include parameters
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of the p–T profile and mixing ratios of eight molecules and
alkali metals and are distinct as follows:
1. Heterogeneity + Molecules + Clouds/Hazes
(hereafter, HMch): Three stellar parameters, eight
molecular and elemental abundances, and four cloud and
haze parameters (grey and non-grey opacities, respec-
tively).
2. Heterogeneity + Molecules + Clouds (hereafter,
HMc): Three stellar parameters, eight molecular and
elemental abundances, and two cloud parameters (grey
opacity only). This model excludes non-grey opacity from
hazes.
3. Heterogeneity + Molecules (hereafter, HM):
Three stellar parameters and eight molecular and ele-
mental abundances. This model excludes haze and cloud
opacities.
4. Molecules + Clouds/Hazes (hereafter, Mch):
Eight molecular and elemental abundances and four cloud
and haze parameters (both non-grey and grey opacities).
This model excludes stellar heterogeneity.
5. Molecules (hereafter, M): Eight molecular and ele-
mental abundances. This model excludes both stellar het-
erogeneity and clouds/hazes.
The retrieval analyses reveal four groups of planets dis-
tinguished through the role in which stellar heterogeneity
and clouds/hazes explain the spectra. This is summarised in
Table 3. The first group comprises WASP-39b and WASP-
6b. Their spectra are best characterised by imprints of stel-
lar heterogeneity and clouds and/or hazes. HD 209458b
and HAT-P-12b comprise the second group for which there
is high importance of hazes and/or clouds and weak evi-
dence for stellar heterogeneity. The third group constitutes
HAT-P-1b and WASP-31b and shows weak evidence against
stellar heterogeneity but weak to substantial indications of
clouds and/or hazes. The fourth group – WASP-19b, WASP-
17b, and WASP-12b – are fit best by alkali and molecular
absorbers with H2 scattering without stellar heterogeneity
and weak to no evidence for clouds/hazes. We here discuss
the detailed role of stellar heterogeneity and clouds/hazes
for planets in each group.
4.2.1 Group I: Stellar Heterogeneity + Clouds/Hazes
Table 3 shows the spectra of WASP-6b and WASP-39b are
best explained in light of stellar heterogeneity as well as
clouds and hazes.
The retrieval results for the full dataset of WASP-6b are
shown in Table 4. The full observations of WASP-6b show
the greatest suggestion for stellar heterogeneity imprints
among the planetary sample. The significance of stellar het-
erogeneity in the spectrum is 3.13σ through a comparison
of the evidences for HMch and Mch model types. The Bayes
factor of HMch to HMc models is 1.22 (1.37σ), indicating
weak evidence for hazes in addition to stellar heterogeneity.
The combined evidence for hazes and clouds is 2.48σ (Bayes
factor of 6.48) and is thus substantial. Therefore models with
heterogeneity are favoured strongly with hazes increasing
the fit only marginally. Nevertheless, stellar heterogeneity
and planetary hazes/clouds are complementary in best in-
terpreting the full spectrum. The retrieved results of the
HMch model suggest an active star with a covering fraction
of 12.1+2.2−1.9%. This substantial active area is dominated by
cool spots with temperatures of 4556+242−213 K, indicating large
temperature contrasts of ∼800 K between the photosphere
(∼5375 K) and regions of unocculted cool spots. This evi-
dence for widespread unocculted cool spots is intriguing as
photometric monitoring suggests that the flux of the star
does not vary by more than 1% in V band (Nikolov et al.
2015). However, photometric monitoring places only a lower
limit on the heterogeneity, as longitudinally symmetric ac-
tive regions do not contribute to the observed variability
(Rackham et al. 2018). Furthermore, the Ca II H and K
stellar activity index for WASP-6, log R′HK = −4.741, which
is higher than all in this sample except WASP-19, points to a
high level of chromospheric activity, which in turn correlates
to higher photospheric activity (Lockwood et al. 2007).
To investigate the influence of the Spitzer data on the
above suggestions, we have carried out another set of five
retrievals which includes one of each model type described
above but with the Spitzer data excluded. In this case, a het-
erogeneity explanation is not statistically strong since the
Bayes factor of HMch to Mch models is 1.28 (1.43σ). More-
over, the STIS data indicate weak evidence against hazes
(Bayes factor of 0.89). The existence of grey opacity clouds is
favoured in both scenarios given the increase in significances
between HMc and HM models. In all, it is clear that a defini-
tive (non)detection of heterogeneity from the transmission
spectrum of WASP-6b will need to await future high quality
observations, specifically high resolution and high precision
observations in the 0.3 − 1.0 µm range where heterogene-
ity effects are most pronounced. Observations in the HST
WFC3 bandpass could also detail the degree to which molec-
ular absorption features from the planetary atmosphere are
muted by the presence of clouds/hazes or enhanced by cool
star spots.
The full observations of WASP-39b show a second sug-
gestion of stellar heterogeneity imprinted in a transmission
spectrum. The Bayes factor of HMch to Mch models is 6.26,
indicative of a substantial heterogeneity signal at 2.47σ.
The retrieved covering fraction of heterogeneity features is
10.3+5.9−3.7%. The coverage area is dominated by cool spots
with temperatures of 4936+240−309 K and photospheric temper-
ature contrasts of ∼500 K. The general presence of clouds
and hazes is evident at 4.22σ (Bayes factor of 1430) and
the spectral component arising from hazes is suggested to
be weak at 1.45σ (Bayes factor of 1.30).
4.2.2 Group II: Weak Stellar Heterogeneity +
Clouds/Hazes
Table 3 shows the spectra of HD 209458b and HAT-P-12b
are best explained in light of hazes and/or clouds with
weak evidence for stellar heterogeneity. HD 209458b and
HAT-P-12b display slender hints of heterogeneity consid-
ering Bayes factors of 1.44 and 1.20 (respectively, 1.55σ
and 1.35σ) between HMch and Mch models. The retrieved
covering fraction of heterogeneity features for HD 209458
(HAT-P-12) is 3+2−1% (18
+3
−2%). Cool spots with temperatures
of 4167+119−157 K dominate the coverage area for HAT-P-12,
giving a photosphere-spot temperature contrast of ∼500 K.
On the other hand, the spots on HD 209458 have tempera-
tures of ∼3500 K and/or ∼5700 K. The general presence of
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clouds and hazes in HD 209458b is evident at 5.34σ (Bayes
factor of 2.4×105) and the spectral component arising from
hazes is suggested to be substantial at 2.14σ (Bayes factor
of 3.31). In the case of HAT-P-12b, a Bayesian interpreta-
tion weakly favours a model without hazes since the Bayes
factor of HMch to HMc models is 0.92 but illustrates a very
strong suggestion for clouds at more than 6σ.
4.2.3 Group III: Weak Evidence Against Stellar
Heterogeneity + Weak to No Clouds/Hazes
Table 3 shows the spectra of HAT-P-1b and WASP-31b are
best explained through a weak suggestion against stellar het-
erogeneity and weak to no evidence for clouds/hazes. HAT-
P-1b and WASP-31b constitute spectral interpretations with
a weak suggestion against a heterogeneity component since
the Bayes factors of HMch to Mch models are below one. The
Bayes factors in Table 4 imply the importance of clouds over
hazes in the spectrum of HAT-P-1b, while hazes are weakly
favoured in WASP-31b.
4.2.4 Group IV: Substantial Evidence Against Stellar
Heterogeneity + Weak to No Clouds/Hazes
Table 3 shows the spectra of three planets – WASP-19b,
WASP-17b, and WASP-12b – are best explained through
substantial evidence against stellar heterogeneity and weak
or no evidence for cloud/haze coverage. In the case of WASP-
19b, the model with the largest Bayesian evidence is Mch,
such that stellar heterogeneity is not substantially preferred.
Clouds and hazes are suggested to a weak degree through
comparison of models HMc and HM with HMch. On the
other hand, extant features in the spectra of WASP-17b and
WASP-12b are sufficiently explained through molecular and
alkali absorption as well as H2 Rayleigh scattering, i.e. model
type M, provided that its Bayes factor is generally less than
other model realisations.
The result for WASP-19b is surprising as WASP-19 dis-
plays the highest log R′HK index of the host stars in the cur-
rent sample (see Table 2), suggesting a high level of chro-
mospheric activity. Corresponding photospheric activity has
been observed in the form of V-band rotational variabil-
ity (Huitson et al. 2013) and spot-crossing events during
transit (Mancini et al. 2013; Huitson et al. 2013; Sedaghati
et al. 2017). However, the stellar contribution to transmis-
sion spectra depends on a variety of parameters, includ-
ing active region temperature contrasts, covering fractions,
and locations within the projected stellar disk at the time
of the observation. Nevertheless, we have explored whether
the unexpected lack of evidence for stellar contamination
for WASP-19b is a result of the two-component stellar het-
erogeneity model of Equation (9) which assumes the promi-
nence of either cool spots or hot faculae. We have conducted
two additional retrievals that use a modified model that
treats spots and faculae as separate components following
Equation (3) of Rackham et al. (2018). The two retrievals
are made available on the Open Science Framework1 un-
der ‘WASP-19b/Three-component photosphere’. In the case
of the HMch model with spots and faculae treated inde-
pendently, we find that the Bayes factor of Mch to HMch
models is above 3. This lack of evidence for heterogeneity is
also supported by the fact that the retrieved covering frac-
tions of faculae and spots in the HMch model are consistent
with zero. Clouds and hazes are suggested at 2.5σ (Bayes
factor of 6.75) by comparing the HMch and HM models and
the cloud/haze properties are also not significantly different
than those of the two-component heterogeneity model. The
results from a three-component heterogeneity model vali-
date the suggestion that the WASP-19b data show a lack of
evidence for stellar heterogeneity.
The case of WASP-19b illustrates that the relationship
between stellar activity and contamination of transmission
spectra might not correlate in all cases. Still, given that
WASP-19b possesses the least constraining optical spectrum
of the current sample, consisting of only four points between
0.5 and 1.0 µm, higher-resolution optical observations un-
corrected for stellar effects can elucidate this relationship
further. We emphasize that the suggestion against stellar
heterogeneity for WASP-19b might be driven by the low
data quality of the available spectrum in addition to multi-
ple limiting facets discussed in Section 5.
5 ATMOSPHERIC-PHOTOSPHERIC
RETRIEVAL: LIMITATIONS AND FUTURE
STEPS
Our joint retrieval methodology and its first applications
provide a novel insight into how stellar contamination can
affect some of the published transmission spectra. It also
shows encouraging results in disentangling stellar contam-
ination from genuine planetary signatures. We here briefly
explore the key assumptions and limitations of our method-
ology as well as constructive future developments in joint
retrievals for better elucidation of stellar and exoplanetary
properties.
5.1 Model Components: Hazes and Starspots
Our Bayesian approach is based on the assumptions that
the model components used are complete (i.e., no signif-
icant component is missing) and correct (i.e., the models
and its components rightly capture the key properties of the
real system). Although our model components and therefore
these underlying assumptions are supported by state-of-the-
art knowledge on exoplanets and are also widely used, it is
important to point out that they are still assumptions. It is
thus prudent to briefly review the uncertainties implicit to
our assumptions and, especially, place them in the context
of stellar contamination, which is explored in this study.
It is important to realize that we probably do not have
a complete and correct model for stellar contamination yet:
stellar heterogeneity (the spatial distribution of tempera-
ture/spectral variations across stellar disks and its temporal
evolution as a function of stellar parameters) is very poorly
understood (for recent summaries see, e.g., Rackham et al.
2018 and Apai et al. 2018). For now, we do not have a good
handle on basic parameters such as starspot covering frac-
tions and typical temperature distributions of spots and fac-
ulae in stars other than the Sun.
The stellar contamination model chosen in this study
is state-of-the-art; nevertheless, the spectral components
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that we use for the heterogeneities are simply stellar pho-
tospheric model spectra, not starspot/facular spectra (e.g.,
Norris et al. 2017). As of now, no dataset exists to allow us
to test the validity of our stellar heterogeneity predictions
on explicit starspot/facular spectra to the level that would
be desirable; future efforts should be directed to build such
datasets from stellar and heliophysical observations.
The limitations of our model for stellar contamination
are especially significant due to its potential to resemble
hazes, which have been invoked in exoplanetary atmospheres
and also included in our models. We note that these uniden-
tified particles are represented by featureless spectra, where
the extinction coefficients of the assumed particles is free to
vary by four or more orders of magnitude relative to that
of H2 scattering. As the putative haze particles do not have
any other detectable features in the optical, their existence
is only inferred from residual spectral slopes that are not
otherwise explained by planetary atmosphere models.
However, as recognized in the literature (McCullough
et al. 2014; Rackham et al. 2017) and also shown by our
results (see Table 3), some transit spectra can be better re-
produced by stellar contamination as well. The distinction of
hazes and stellar contamination on the basis of the Bayesian
evidence is necessarily based on the assumption that we have
complete and correct models for both: future efforts should
focus on testing and verifying these assumptions, as hazes
and stellar contamination may have degenerate spectral sig-
natures.
5.2 Stellar Variability
Our methodology represents an important step forward in
disentangling stellar contamination and genuine planetary
features but still only focuses on the transmission data. It
does not yet incorporate fully the evidence provided by fo-
cused stellar variability observations. Stellar heterogeneity
can be, to some level, constrained by stellar variability mea-
surements (e.g., Sing et al. 2011; Aigrain et al. 2012; Zellem
et al. 2017) and by absorption and emission line measure-
ments (e.g., Boisse et al. 2009). It is important to note that
neither these nor other methods yet allow precise measure-
ments of spot/facular covering fractions or temperature dis-
tributions over the stellar disk; variability measurements can
only place a lower limit on these parameters (Jackson & Jef-
fries 2013; Rackham et al. 2018).
Perhaps the most important information provided by
stellar activity indicators is that stellar disks are heteroge-
neous and that stellar contamination, to some level, must
occur. Therefore, in principle, uniform priors on the mod-
els (as in the present work) should not be assumed, though
the weight that should be assigned to models is challenging
to quantify in practice. Future studies should attempt to
integrate an improved understanding of an individual stel-
lar disk’s heterogeneity (spatial distribution of regions with
unique temperatures/spectra) through priors informed by
the combined knowledge from spectroscopic and photomet-
ric activity indicators.
5.3 Multi-epoch Observations
Due to the limited wavelength range of any single spec-
trograph or imager, most exoplanetary transmission spec-
tra have been obtained with multiple instruments and at
multiple epochs, often separated by months or years. Stel-
lar heterogeneity, however, varies in time. Therefore, stellar
contamination imprinted in a spectrum can vary between
epochs. By necessity our study has analysed the planet tran-
sit and stellar contamination signals as if the observations
occurred in a single epoch. A multi-epoch study is currently
beyond the information content of the available datasets;
nevertheless, future observations should ensure that data
are collected in a fashion that facilitates retrieval of multi-
epoch data. Stellar contamination, if significant, will be
time-variable. Assuming an average, representative contam-
ination (as in our study) will likely not be satisfactory for
objects where some datasets have been collected at times of
greater stellar activity.
5.4 Analysis Restricted to Lower-activity Stars
It is important to note that our current methodology nat-
urally excludes the exoplanets for which the most signifi-
cant stellar contamination is expected. Some high-quality
datasets published could not be included for the reason that
stellar activity corrections were so significant that the data
could not be reasonably ‘un-corrected’ and then represented
with a single-epoch stellar contamination model.
A good example for this limitation is HD 189733b for
which HST datasets using multiple STIS, ACS, and WFC3
modes have been published, representing data collected over
22 different epochs. The host star HD 189733 itself is clearly
active: significant photometric variations at the 3% level
have been observed between different epochs (Sing et al.
2011).
Pont et al. (2013) and subsequent studies using these
data are based on a stellar contamination correction
that applies an individual, multiplicative, and wavelength-
dependent correction (blackbody slope) to each dataset. The
correction is derived from an estimated starspot covering
fraction (determined for each epoch) and a starspot temper-
ature (constant in time, and derived on the basis of a single
starspot occultation by HD 189733b).
Although the Pont et al. (2013) study certainly rep-
resented a state-of-the-art analysis, the stellar correction
method used was based on optimistic assumptions and had
four significant limitations, several of which were also ac-
knowledged in that work (see their Section 3.3). As these and
similar assumptions are often used in the literature to com-
bine multi-epoch data, it is instructive to review their limita-
tions. First, the systematic uncertainties introduced by the
starspot/activity corrections have not been analyzed fully or
folded into the uncertainties on the data. Second, the cor-
rections optimistically assume the lowest possible starspot
covering fraction and stellar contamination, because the
starspot areal covering fractions are derived from photomet-
ric variability assuming a linear relation. This linear relation
is valid only in the most optimistic cases, as pointed out by
Pont et al. (2013), a finding later quantified independently
for general cases by Jackson & Jeffries (2013) and Rackham
et al. (2018). Third, the spectral slope of the stellar contami-
nation correction applied by Pont et al. (2013) is constrained
by spot-crossing events collected for very large spots. It is
likely that due to strong observational selection biases that
very large spots are not representative of the size popula-
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tion of starspots/faculae that exist on HD 189733. Fourth,
no photometric data existed for some of the epochs in which
data were taken and Pont et al. (2013) were forced to in-
terpolate starspot covering fractions between neighboring
epochs, which is unlikely to provide a correct value. That
study also uses a common assumption that planetary trans-
mission spectra must be continuous across different instru-
ments and applies an offset to ensure this. However, this
step, intended to compensate for stellar brightness varia-
tions, does not account for the color terms intrinsic to the
stellar heterogeneity.
The HD 189733b dataset – used in a significant number
of follow-up studies – demonstrates the challenges in cor-
recting for stellar contamination in moderately active stars
and highlights untested – and in retrospect rather optimistic
– assumptions that underpin the corrections that are intro-
ducing poorly understood and possibly significant system-
atic errors in such datasets.
Our study did not include data from significantly ac-
tive stars whose stellar luminosities have changed by more
than a few per cent between epochs, and thus our sample
of planets likely does not represent the full range of stellar
contamination that should be expected in transit data.
6 DISCUSSION AND CONCLUSIONS
The four groups of planets identified in Table 3 are approxi-
mately arranged by increasing chromospheric activity index
(log R′HK), as seen by comparison of Tables 2 and 3. The
evident exceptions to this arrangement are WASP-19b and
WASP-39b. Highly active stars (i.e., WASP-6) are found in
the first group with evidence for stellar heterogeneity while
low activity stars (i.e. WASP-12 and WASP-17) settle into
the fourth group with substantial evidence against hetero-
geneity. The remaining planets (excepting WASP-19b and
WASP-39b) are essentially ordered into the second and third
groups, with weak evidence for or against heterogeneity. The
observational consequences of this rough ordering of planets
based on log R′HK is noteworthy, for it suggests that the pop-
ular chromospheric activity indicator offers some predictive
power as to whether an exoplanet transmission spectrum
will be affected by stellar heterogeneity.
The substantial and yet indefinite suggestions of stellar
heterogeneity in the spectra of WASP-6b and WASP-39b
offer definite observational strategies to increase the signifi-
cance of inferred stellar heterogeneity effects and planetary
properties with our retrieval methodology. While the effects
of stellar heterogeneity can be significant at wavelengths as
long as 2 µm (see Figure 4), they are most pronounced
between 0.3 and 1 µm and thus high-impact observations
should focus on this spectral range to probe the activity of
stellar photospheres. The corollary is that infrared obser-
vations essentially ascertain atmospheric properties of the
exoplanet alone.
Joint studies of exoplanetary atmosphere compositions
and heterogeneous stellar photospheres will benefit from pre-
cision observations in the Na and K absorption bands achiev-
able with multiple HST orbits using STIS 430L and 750L
grisms. Cool spots can masquerade as Na and K absorption
features for a variety of stellar temperatures, metallicities,
and gravities. In such cases and for observations of limited
precisions (i.e. .100 ppm), degenerate explanations arise be-
tween Na and K abundances and stellar activity influence.
Higher-precision observations in the Na and K bands can
break this degeneracy, in turn enabling more precise esti-
mates of heterogeneity covering fractions, alkali abundances,
and haze properties. In addition, joint inferences will also
benefit from high-resolution, broadband observations in the
0.3 to 1.0 µm window. This aspiration is already achievable
through intelligent use of the VLT FORS2 spectrograph (see
for e.g. Sedaghati et al. 2017). Such finely-sampled obser-
vations can serve as a microscope into the heterogeneous
coverage fraction since δ amplifies features of the heteroge-
neous spectrum (see Figure 4, upper panel). The positive
correlation between the coverage fraction and heterogeneity
temperature seen in Figure 5 would also imply better con-
straints on the heterogeneity temperature with such VLT
observations.
The JWST can also contribute much to the joint re-
trieval of stellar and exoplanetary properties. The multi-
wavelength capabilities facilitated by JWST can help sep-
arate stellar and planetary spectral imprints as the con-
trast between heterogeneous zones and the pristine stellar
photosphere decreases with longer wavelengths as shown in
Figures 3-4. Thus, for example, spectra across 5 to 28 µm
obtained with observing modes of the MIRI instrument will
essentially reflect properties of the exoplanetary atmosphere
alone. Simultaneous study of stellar and exoplanetary prop-
erties will also be possible. The time-series observing mode
of the NIRCam instrument will permit stellar activity mon-
itoring in the 0.6 to 5.0 µm range. The amplitude of time-
series photometry can reveal lower limits on heterogeneous
covering fractions (Rackham et al. 2018) which can in turn
be used as retrieval constraints using spectroscopy in the 0.6
to 5.0 µm range from NIRISS and NIRSpec modes.
In summary, we have presented a new retrieval method-
ology, Aura, that enables simultaneous inference of the
properties of exoplanetary atmospheres and their host stars
in the transiting configuration. The developed framework
permits the inference of general in-homogeneous properties
of the star including the stellar disk fraction covered by het-
erogeneity features, the average temperature of the hetero-
geneous fraction, and the temperature of the stellar photo-
sphere. Jointly with the three stellar properties, the method-
ology permits the retrieval of a host of exoplanet atmosphere
properties including the chemical compositions and abun-
dances, attributes of clouds and hazes, and the temperature
profiles throughout the atmosphere. Our methodology is the
first joint retrieval framework suited for the extraction of
properties of exoplanetary atmospheres and their host stars.
As such it sets a precedence for more detailed joint analysis
techniques of exoplanets and their stars in the future.
We have applied our methodology to the transmission
spectra of a sample of hot giant exoplanets to ascertain the
influence of stellar heterogeneity and clouds/hazes in their
spectra. The analysis distinguishes four groups of planets de-
fined by the components needed to best explain their spec-
tra. These four groups are illustrated in Table 3. In the first
case, we find that the spectra of WASP-6b and WASP-39b
are best fit with stellar heterogeneity as well as hazes and/or
clouds. In the second case, there is marginal evidence for stel-
lar heterogeneity effects and beyond substantial evidence for
hazes and/or clouds in the spectra of HD 209458b and HAT-
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P-12b. The third group constitutes HAT-P-1b and WASP-
31b and shows weak evidence against stellar heterogeneity
but weak to substantial indications of clouds/hazes. In the
fourth group three planets – WASP-19b, WASP-17b, and
WASP-12b – are fit best by alkali and molecular absorbers
with H2 scattering without stellar heterogeneity and weak
to no evidence of cloud/haze coverage. We emphasize that
the suggestion against heterogeneity for WASP-19b is po-
tentially due to the low data quality of the spectrum, and
thus future studies of WASP-19b may suggest differently.
We note that joint retrievals of the stellar photosphere
and exoplanetary atmosphere rely on the assumptions that
the model components are reasonably correct and rea-
sonably complete. Presently, however, even state-of-the-art
models for stellar heterogeneity are based on very limited
knowledge; furthermore, the hypothesized haze particles can
provide similar spectral signatures in the optical. Thus, fu-
ture efforts must collect better data to break the degener-
acy between stellar contamination and possible atmospheric
aerosols.
Ultimately, upcoming observatories will provide im-
proved spectral resolutions and precisions useful for more
definite and detailed joint analyses of transmission spectra.
The simultaneous information on stellar and planetary prop-
erties facilitated through Aura serves as a helpful tool in the
analysis of present high-precision spectra and future high
fidelity observations from the JWST and powerful ground-
based facilities.
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Table A1. Retrieved stellar heterogeneity parameters of the HMch models.
Planet δ Thet (K) Tphot (K)
WASP-19b 0.06+0.07−0.04 5115
+267
−472 5502
+84
−81
WASP-6b 0.10+0.14−0.03 4767
+620
−314 5394
+205
−61
HD 209458b 0.03+0.02−0.01 3663
+1998
−411 6088
+89
−93
HAT-P-1b 0.06+0.02−0.02 3992
+841
−566 5980
+7
−7
WASP-39b 0.10+0.06−0.04 4935
+240
−309 5415
+125
−125
HAT-P-12b 0.18+0.03−0.02 4167
+119
−157 4669
+55
−48
WASP-31b 0.10+0.05−0.04 5030
+681
−1343 6297
+83
−82
WASP-12b 0.04+0.02−0.02 3986
+1648
−692 6081
+160
−157
WASP-17b 0.06+0.05−0.03 5848
+784
−1232 6656
+64
−69
APPENDIX A: STELLAR HETEROGENEITY PARAMETERS
This paper has been typeset from a TEX/LATEX file prepared by the author.
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